ABSTRACT The Effects of Quorum Sensing and Temperature on the Soluble Proteome of
The purpose of this study is to determine the effects of quorum sensing and cold temperatures synergistically on the physiology of V. salmonicida using a proteomic approach to identify expressed putative virulence factors. First, luminescence was used as an indicator for measuring the effect of quorum sensing on LuxA as previously described iv ; a growth curve was performed at approximately 15°C and 5°C to see if cell density and pathogenically relevant temperatures would have an interactive effect on gene expression. At high cell densities, where quorum sensing has its greatest effects, a 30-fold increase in luminescence was observed in the 5°C treatment compared to the 15°C treatment. This indicates that expression of certain quorum sensing regulated genes may also be co-regulated through temperature. Next, a proteomic approach was used to identify genes that are differentially expressed as a result of a combination of pathogenically relevant temperatures (5°C) and quorum sensing. In order to properly compare the effects of quorum sensing, while controlling for any confounding effects that stationary phase growth vs. log phase growth may have on the culture, cultures were grown to the same optical density (OD600) with and without the addition of exogenous autoinducer N-3-Oxohexanoyl-L-Homoserine Lactone (OHHSL) as the stimulator of quorum sensing. The resulting protein expression profile was analyzed, and differentially expressed hypothetical virulence factors were identified. This study now lays the foundation for additional studies on the role of these proteins in V. salmonicida physiology and virulence.
Materials and Methodology

Starter Cultures and Conditions
Vibrio salmonicida strain LF1238 isolated from diseased Atlantic salmon was used in our experiments. The complete genome of this strain was sequenced XXXVI and can be accessed at URL-http://www.sanger.ac.uk/resources/downloads/bacteria/aliivibriosalmonicida.html. The strain was streaked on Tryptic Soy Agar plates supplemented with 1.5% w/v NaCl (TSA 1.5). Starter cultures were prepared by inoculating Brain-Heart Infusion Broth supplemented with 1.5% w/v NaCl (BHI 1.5) with one to two isolated colonies of V. salmonicida and incubated overnight in a refrigerated shaking incubator set to either approximately 5°C or 15°C.
Luminescence Assays of lux Operon Gene Expression under Effects of Quorum
Sensing and Temperature Variation BHI 1.5 starter cultures were incubated at approximately 5°C and 15°C with shaking at 225 RPM to an OD600 of 0.4. These broth cultures were used to inoculate respective 15 ml BHI 1.5 broth cultures to a starting OD600 of approximately 0.04 to start the growth curve. At approximately every four hours, 100 µl was removed from each shaking culture and measured for OD600 and luminescence with the addition of 0.005% v/v decyl aldehyde (Sigma Aldrich) as described previously iii . Luminescence emission per cell (i.e.
Luminescence/OD600) was plotted against OD600 of each culture for comparison.
Preparation of Vibrio salmonicida Cultures for Proteomic Analysis
BHI 1.5 broth cultures were incubated at 5˚C or 15°C with shaking at 225 RPM until they reached an OD600 of 0.4. These broth cultures were used to inoculate four different 50 ml BHI 1.5 broth cultures to a starting OD600 of approximately 0.04 to start the growth curve.
Two of the broth cultures were fortified with 200 nM of the autoinducer N-3-Oxooctanoyl-L-Homoserine Lactone (VAI1) to stimulate quorum sensing, and two were unfortified.
Each of these conditions were incubated with shaking at 5°C and 15°C until they reached an approximate OD600 of 1.0. The culture without autoinducer incubated at 15°C served as the control condition. The culture with added autoinducer incubated at 5°C served as the test or 'disease causing' condition to determine the effects of autoinducer and temperature simultaneously. The culture with added autoinducer incubated at 15°C and the culture without autoinducer incubated at 5°C served to identify the effects of each condition on protein expression independently. Each culture was prepared for protein extraction by centrifuging at 800xg for 15 minutes at 4°C.
Protein Extraction and Proteomic Analysis
The pellets of the four V. salmonicida cultures were processed for proteomic analysis as described by Tomanek and Zuzow x . Pellets were re-suspended and lysed in 1:10 in homogenization buffer [7 M urea, 2 M thiourea, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , 40 mM Tris-base, 0.5% immobilized pH 4-7 gradient (IPG) buffer (GE Healthcare, Piscataway, NJ, USA) and 40 mM dithiothreitol] using a pre-chilled glass homogenizer for mechanical homogenization.
The homogenate was maintained at 20°C and centrifuged at 16,100xg; the pellet was discarded. Gel image analysis was done using the software Delta2D (version 3.6; Decodon, Greifswald, Germany) as described by Berth et al xi . The images of each of the 6 gels from each of the 4 conditions were fused together and warped so that homologous protein spots would overlap ( Figure. 1 ). Spot boundaries were defined on this composite image and transferred back to the original gel images. Relative protein density was calculated for each spot and normalized against the total spot density of each gel.
A two-way ANOVA (P<0.01) was used to identify which proteins had significant changes in expression between the temperature, autoinducer, and combined condition (as an interaction). A P-value of 0.01 to limit the number of false positives as an alternative to using a multiple-comparison correction. A Tukey's analysis (P<0.05) was performed using MiniTab (version 17; Minitab Inc., State College, PA, USA), to validate the differences between individual protein expression profiles (Data not shown). These assays were repeated by performing end-point confirmation experiments on cultures grown at these respective temperatures (data not shown). Relative specific luminescence during the growth of a broth culture of V. salmonicida plotted on the vertical axis using a logarithmic scale vs. the OD600 of the bacterial culture plotted on the horizontal axis. Luminescence per cell is upregulated nearly 30-fold at high cell densities for 5°C compared to the 15°C condition.
Identified Proteins
Using this workflow, 149 spots were identified using Delta 2D to be differentially expressed as a result of an interaction between the addition of autoinducer and temperature. After excising these spots and running an identification using MALDI, 89 yielded robust identification. A table of these identified proteins, as well as a heat map demonstrating the relative density of each protein spot within the 2D gel are included in Appendix I. The remainder of the results section will analyze a few of the identified proteins which have putative links to virulence, and how their expression is affected by both temperature and autoinducer.
Outer Membrane Proteins
Two outer membrane proteins (OMPs) were identified as significantly affected by temperature change and autoinducer. One hypothetical OMP (YP_002264356) displayed no significant variation in expression except at the 15°C with autoinducer condition where it exhibited more than double the expression of the control. Since this OMP has not been experimentally characterized, its function remains both presumptive and largely unknown. The other OMP protein was identified as OmpU (YP_002262108).
The relative expression of OmpU more than doubled from the control condition to the 5°C condition with autoinducer. There also was a synergistic effect between 5°C temperature and the presence of autoinducer in inducing the expression of the protein.
OmpU has been implicated in the virulence of several Vibrio species xii,xiii . The ability of V.
cholerae to colonize infant mice intestines reduced 100-fold following the loss of ompU expression xiv . This strain was also deficient in its ability to secrete toxin and inhibited in its resistance to bile salts and anionic detergents. In both in V. cholerae and V. fischeri, OmpU plays a significant role as an adhesin important to the successful colonization and growth within its host xv,xvi . A strain of V. fischeri with a partial ompU deletion displayed a 60% reduction in its ability to colonize Euprymna scolopes. The strain also displayed reduced growth rates upon colonizing the host. Another study discovered that ompU expression led to the production or excretion of a factor that prevented phagocytosis of It is unknown why expression of FtsH is restored by autoinducer in the 5°C condition, perhaps it is due to a function of FtsH unrelated to the σ 32 heat-shock pathway. FtsH is also known to regulate the expression of LpxC and KdtA which are responsible for the biosynthesis of the Lipid A and Polysaccharide components of lipopolysaccharide required for cell growth and division LI . Since quorum sensing increases transcription in a variety of regulons, it is possible that the increase in FtsH at 5°C is necessary to ensure that the cell does not divide too rapidly.
SlyD is a chaperone responsible for the proper folding and solubility of aggregationprone proteins; it also facilitates the insertion of a nickel co-factor for HypB, especially during stressed or heat shocked conditions xxii,xxiii . Outside of the presence of autoinducer, expression of SlyD was nearly identical between the temperature conditions. However, with the introduction of autoinducer, there was a temperature-dependent relative increase in the expression of SlyD in the 15°C condition. As temperatures approach 15°C, roughly the upper temperature limit for V. salmonicida, presumably there would be increased temperature stress on bacterial enzyme function. On its own, this increased stress might not be enough to increase SlyD production. However, due to the large increase in protein synthesis that happens in the presence of autoinducer, it would be intuitive to believe that SlyD induction may be necessary to facilitate the proper folding and solubilization of aggregation-prone proteins.
Flagella Control
A flagellar regulatory enzyme, acetate kinase (AckA), had a relative increase in expression of 32% in the disease causing condition (with autoinducer at 5°C) compared to the control condition. AckA expression is positively regulated in the presence of glucose xxiv ; however, the same nutrient media (and therefore glucose levels) were used in all conditions for this study. AckA has also been described as important in the anaerobic generation of ATP xxv . However, if energy deficiency was a factor, increased expression of AckA at colder temperature conditions would not be expected due to the increased availability of oxygen for aerobic respiration. AckA has been implicated in flagellar motor regulation through the CheA independent phosphorylation of CheY, increasing the clockwise signal strength during flagellar rotation. Previous studies indicate that flagellar protein expression is likely controlled by exposure to high salinity and mucus iv,xxvi . Therefore, an increase in the levels of AckA may indicate that temperature and quorum sensing may be responsible for increasing the signal strength for flagellar rotation. However, it is also known that the phosphorylation of CheY through AckA is several orders of magnitude less efficient than phosphorylation through CheA, so flagellar rotational increase is unlikely to be a primary consequence of increased levels of AckA xlviii . 
Studies in
N-Acyl Homoserine Lactone (HSL) production
It is well established that LuxI expression under quorum sensing conditions induces additional LuxI expression, a feed-forward reaction that governs the production of acylhomoserine-lactone through the LuxI product acyl-homoserine-lactone synthase xxxvi . It was previously unclear whether temperature variation has a significant effect on autoinducer production. It stands to reason that autoinducer production would be greater at optimal growth rates given sufficient resources.
Two enzymes that produce the two substrates for acyl-homoserine-lactone synthase were identified in this experiment xxxvii . The first, S-adenosylmethionine synthetase, had 45% increased expression at 5˚C with autoinducer compared to 15˚C with autoinducer.
The second enzyme, 3-ketoacyl-ACP synthase (FabB), increased relative expression by 25% at 5˚C with autoinducer compared to 15˚C with autoinducer.
S-adenosylmethionine synthetase produces the autoinducer precursor S-adenosyl-Lmethionine, which together with an acyl carrier protein, acyl-homoserine-lactone synthase, produces acyl-homoserine-lactone autoinducers. Experiments utilizing an inhibitor of FabB, cerulenin, have inhibited autoinducer production, indicating that FabB may be an important acyl carrier protein for autoinducer synthesis.
The increased expression of FabB and S-adenosylmethionine synthetase at cold temperatures with exposure to autoinducer may indicate the mechanism by which luminescence was significantly increased under cold temperatures and high cell densities in the growth curve assay.
Oxidative Stress
Iron-superoxide dismutase ([fe]SOD) and catalase (CatA) are associated with eliminating endogenous oxidative stress. Typically their levels are controlled at a relatively stable level, regardless of extracellular oxidative stress xxxviii . Both enzymes were down-regulated at the cold temperature with autoinducer condition only.
[fe]SOD decreased approximately 30% while CatA decreased approximately 15% in response to the interaction of cold and autoinducer relative to their levels in the control condition.
Neither enzyme had a significant response to autoinducer activity alone, and only CatA had a marginal decrease in expression in response to cold temperature alone.
A third enzyme, thioredoxin reductase, had a 68% decrease in expression as a result of the cold temperature conditions relative to the control condition. Thioredoxin reductase is the only enzyme known to reduce thioredoxins, a class of proteins responsible for maintaining oxidative/reductive balance within the cytoplasm. Thioredoxins are capable of directly breaking down hydrogen peroxide, as well as reducing a number of disulfide bonds in numerous redox-sensitive proteins xxxix .
While the response of oxidative stress to cold temperatures is not as well studied as the response to heat stress, it has been shown that oxidative stress enzymes typically increase in response to cold shock in V. vulnificus xl . Based on these data, it would seem that the response of Vibrio salmonicida to cold temperature and autoinducer is to reduce its oxidative stress response. This may be due to decreased perceived oxidative stress at lower temperatures due to lower metabolic activity. Oxidative stress is a well-known obstacle to host invasion and it seems paradoxical that V. salmonicida would decrease its ability to deal with oxidative stress at temperatures where it is most virulent. A previous proteomic study on V. salmonicida showed an increase in proteomic stress response when subjected to fish mucus xxviii . One possibility is that the expression of SOD and CatA respond independently of temperature and quorum sensing, and instead are directly responsive to the oxidative environment that the cell perceives. The data in this experiment does not support this possibility, as temperature and quorum sensing did not independently affect the expression of SOD, and only marginally affected the expression of CatA. Instead, the interaction of the two conditions (5°C temperature and autoinducer) produced significant decreases in both enzymes, indicating a synergistic effect.
One study determined the activity of CatA relative to the homologous catalase from
Proteus mirabilis. The study determined that CatA from V. salmonicida is adapted for cold-water activity. The relative activity from the enzyme from 0-10°C is 100%, whereas the relative activity of the enzyme at 15°C rapidly diminishes to approximately 80% of maximum. Therefore the 14% reduction in relative enzyme abundance between the control and disease causing conditions is more than offset by a nearly 25% increase in maximum relative efficiency.
Furthermore, it has been shown that aldehyde-deficient luciferase produces a halfreaction in which FMNH2 partially reduces oxygen to hydrogen peroxide instead of the normal luminescence reaction xli . The luminescence expression experiment earlier in this study showed that an interaction between cold temperature and autoinducer significantly increases the expression of luciferase. It is logical to conclude that this would also result in an increase in hydrogen peroxide producing half-reactions that the cell would have to control. One proposed possibility is that V. salmonicida uses oxygen radicals generated through luciferase production as a virulence factor, exporting it to cause damage to its host, however, no increased peroxide production was detected when using peroxidase assays with V. salmonicida xlii . One limitation is that the previous experiments were done at room temperature with cultures not subject to autoinducer. They were also performed with a different reference strain, NCMB 2262, which was never recovered from a diseased salmon, like the LFI1238 strain, and with a less nutritious culture media, SWT.
It may be useful to repeat the peroxide experiments on the LFI 1238 strain in BHI broth at 5°C with added autoinducer.
Genomic Search for Lux Box
The promotor region of six protein-encoding genes (Table 3) 
Conclusion
Physiological experiments show that cold temperature and addition of exogenous VAI1 autoinducer produce a significant increase in the aldehyde-supplemented per cell luminescence of V. salmonicida. In the course of this study, we detected 147 proteins that were differentially expressed as a result of an interaction between pathogenically relevant cold temperatures and VAI1-based quorum sensing. However, only 86 of those proteins were identifiable, leaving an incomplete picture of these interactions. While the results of this study may not paint a complete picture of V. salmonicida virulence, it has produced many hypotheses for future research to test. Also, future hypothesis-driven studies, whether they use in vivo salmon infection techniques or use individual host factors such as mucin in vitro, combined with the understanding that temperature and quorum sensing are integral to the virulence of V. salmonicida, should reveal the mechanisms that the organism utilizes to invade, infect and subsist in its hosts.
APPENDICES
Appendix I -Table of Identified Proteins and Fusion Image and Heat Map
The following table lists all 86 proteins that were identified from the 147 gel spots which were determined to be significantly differentially expressed using Delta 2D. Listed is the name of the protein, a classification of the putative function of protein, and the percent of Gel Fusion Image
